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Abstract 
 
The influence of molybdenum content on the process of stress corrosion of ultra-low carbon structural steels with the addition of copper 
HSLA (High Strength Low Alloy) was analyzed. The study was conducted for steels after heat treatment consisting of quenching and 
following tempering at 600°C and it was obtained microstructure of the tempered martensite laths with copper precipitates and the phase 
Laves Fe2Mo type. It was found strong influence of Laves phase precipitate on the grain boundaries of retained austenite on rate and 
development of stress corrosion processes. The lowest corrosion resistance was obtained for W3 steel characterized by high contents of 
molybdenum (2.94% Mo) which should be connected with the intensity precipitate processes of Fe2Mo phase. For steels W1 and W2 
which contents molybdenum equals 1.02% and 1.88%, respectively were obtained similar courses of corrosive cracking. 
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1. Introduction 
 
HSLA steels with the copper addition are the basic materials 
used in shipbuilding industry. These steels are characterized by 
high mechanical properties with high fracture toughness at low 
temperatures and very good weldability. HSLA steels with Cu 
addition divided into two main grades, i.e. HSLA 80 and HSLA 
100, whose chemical composition and the minimum requirements 
for mechanical properties are given in standard ASTM A 710.  
High mechanical properties of these steels are formed by 
thermomechanical processing and heat treatment and the result is 
a microstructure composed of tempered martensite laths, 
polygonal ferrite, retained austenite and precipitation of low-
dispersive secondary phase ε_Cu [1-3]. The paper presents the 
results of resistance on stress corrosion of HSLA steel with Cu 
addition and molybdenium contents from 1,02 to 2,94% after 
tempering in the presence of a local minimum of impact strength. 
 
 
2. Material for the Study and 
Measurement Technique 
 
The study were conducted on HSLA steel with Cu addition, 
this is for three laboratory heats each weighing 50 kg, were 
melted in air-induction furnace, with different chemical 
compositions presented in Table 1. Heats were thermomechanical 
processing according to the scheme showed in Fig. 1, obtaining 
plate with a thickness of 25 mm. Next, they were heat treated 
consisting of quenching from 900°C with subsequent tempering  
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in the range of 500°C to 800 C with step at 25°C. The tests of 
mechanical properties were made using hydraulic testing machine 
type EU 20 in accordance with standard EN 10002-1:2001 on 
transverse samples in the ambient temperature. It was cylindrical 
samples of diameter 5 mm with base length Lo = 25 mm. Impact 
tests were performed using impact testing hammer with the initial 
energy 300J. Microstructure and fractography analysis were made 
using scanning electron microscope JOEL JSM 5510LV. Stress 
corrosion tests were performed using the so-called Brown 
cantilever test on samples after tempering at 600°C, where it was 
observed decrease of impact energy. The shape and dimensions of 
the samples are shown in Fig. 2. At the bottom of the notch it was 
introduced fatigue crack with a length of about 1 mm. The load 
was selected in such a way that stress the bottom of the notch was 
0,9 yield strength. Corrosion environment was 3.5% aqueous 
solution of NaCl. 
 
Table 1.  
Chemical composition of the steels. (% mass) 
Grade of 
steels  C Mn Si Ni  Mo  Cu 
W1  0,015 1,00 0,29 3,53 1,02 1,50 
W2  0,017 0,89 0,27 3,55 1,88 1,51 
W3  0,017 1,00 0,29 3,53 2,94 1,50 
P=0,005%, S=0,003%, Nb=0,05%, Ti=0,02%, Al=0,005% 
 
 
Fig. 1. Scheme of thermomechanical processing 
 
 
3. Results 
 
Mechanical properties  
 
The change of toughness measured at room temperature as a 
function of tempering temperature is shown in Fig. 3. It was 
observed violent decrease in toughness in temperature range   
550-600°C. The mechanical properties of the analyzed steels after 
tempering at 600°C are summarizes in Table 2. The highest 
mechanical properties characterized steel sign W1 containing 
1.02% molybdenum. It was observed that with increasing 
molybdenum contain a strength and toughness decreased. The 
lowest properties obtained for steel sign W3 with a maximum 
molybdenum content of 2,94%. 
 
Fig. 2. Shape and dimension of corrosion specimen  
in millimeters 
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Fig. 3. Course of impact energy at 20°C as a function of 
tempering temperature 
 
Table 2.  
Mechanical properties of analysis steels 
Grade 
of 
steels 
YS 
[MPa] 
UTS 
[MPa] 
Reduction 
of area at 
fracture 
[%] 
Impact energy 
[J] 
W1 819 856  76  131 
W2 805 866  69  42 
W3 755 818  66  29 
 
Microstructure  
 
The microstructure analysis by scanning electron microscopy 
shows no significant differences in the structure of phase between 
the analyzed steels, Fig. 4-6. In the steels with higher Mo content 
sign W2 and W3 after tempered at 575°C were observed stronger 
etched the retained austenite grain boundaries, Fig. 7 and 8. 
Studies of thin foils using TEM showed the microstructure of 
steels which is a mixture of polygonal ferrite, tempered martensite 
laths and fine precipitates of phase ε_Cu Fig. 9. In addition it was 
observed precipitate of intermetallic phases rich in Mo of type 
Fe2Mo at the grain boundaries of former austenite, Fig. 10-11.   
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Fig. 4. Microstructure of the steel W1 after tempering at 550°C 
 
 
Fig. 5. Microstructure of the steel W2 after tempering at 550°C 
 
 
Fig. 6. Microstructure of the steel W3 after tempering at 550°C 
 
 
Fig. 7. Microstructure of the steel W2 after tempering at 575°C 
 
 
Fig. 8. Microstructure of the steel W3 after tempering at 575°C 
 
 
Fig. 9. TEM micrographs of the W3 steel after tempering at 
575°C  
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Fig. 10. TEM micrographs of the W3 steel after tempering at 
575°C – polygonal ferrite with of Fe2Mo precipitates, dark field 
 
 
Fig. 11. EDX analysis of chemical composition of Fe2Mo 
precipitates with figure 10 
 
Stress corrosion test  
 
The course of change in bend of the sample as a function of 
time was analyzed for all three heats and is shown in Fig. 12. In 
the case of heats W1 and W2 the nature of stress corrosion 
processes is similar. There is a steady growth in stress corrosion 
cracking, whereas in the case of W3 the process is different. In the 
initial stage, there observed a rapid growth of cracks lasting about 
200h, which then turns into a stable development for 400h, and 
followed by destruction of the sample.  
 
Fractography analysis 
 
Fractography analysis revealed significant changes in the 
cracking process both in the impact test and stress corrosion tests. 
After corrosion test the heat sign W1 with the lowest 
concentration of molybdenum cracking had ductility character 
both near the notch and in the central part of the sample, Fig. 13 
and 14. The increase of Mo concentration to 1,88% caused a 
change in the cracking nature. In the area under the notch 
cracking can have brittle and ductile character, Fig. 15. In the 
central part of the sample, in addition, intercrystalline cracking 
was observed, Fig. 16. In the case of heat W3 course of cracking 
processes had intercrystalline character with a minor contribution 
of brittle and ductile fracture, Fig. 17 and 18. The fractography 
analysis of samples after impact test well correlated with the 
results of topography samples after stress corrosion. It was also 
observed change in fracture character with increasing Mo 
concentration in steel. The heat sign W1 dominated ductile 
fracture Fig. 19, which was changing to the brittle and 
intercrystalline fracture in heats W2 and W3,   
Fig. 20 - 21.  
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Fig. 12. Change of bend specimen as a function of tempering 
 
 
Fig. 13. Fracture topography observed under notch of sample after 
the stress corrosion test for W1 steel  
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Fig. 14. Fracture topography observed in the central part of 
sample after the stress corrosion test for W1 steel 
 
 
Fig. 15. Fracture topography observed under notch of sample after 
the stress corrosion test for W2 steel 
 
 
Fig. 16. Fracture topography observed in the central part of 
sample after the stress corrosion test for W2 steel 
 
Fig. 17. Fracture topography observed under notch of sample after 
the stress corrosion test for W3 steel 
 
 
Fig. 18. Fracture topography observed in the central part of 
sample after the stress corrosion test for W3 steel 
 
 
Fig. 19. SEM fractographs of Charpy impact tested sample of 
steel W1 broken at room temperature  
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Fig. 20. SEM fractographs of Charpy impact tested sample of 
steel W2 broken at room temperature 
 
 
Fig. 21. SEM fractographs of Charpy impact tested sample of 
steel W3 broken at room temperature 
 
Discussion  
 
Observed a strong decrease of impact work in the temperature 
range 575-600°C is associated with reduction energy of the 
former austenite grain boundaries and change the fracture 
mechanism from transcrystalline to intercrystalline. This is a 
consequence of precipitation processes of Mo-rich phase. Low 
carbon content at high molybdenum concentrations can conduct to 
precipitate intermetallic phases type Fe2Mo [4]. 
 
It is confirmed also by microstructural examinations. Observed 
stronger etch of retained austenite grain boundaries is probably 
consequence of the presence of foreign phase on the boundaries, 
Fig. 10.  
The precipitation process of metallic phase has a negative 
influence on the level of mechanical properties, because causes 
decrease ultimate tensile strength, yield strength and impact 
resistance as a function of Mo concentration. In the case of heat 
W3 during stress corrosion testing catastrophic fracture processes 
was observed, where the sample was destroyed after about 400h, 
Fig. 12. The higher Mo concentration in this heat conducts to 
intensification of precipitation processes, causing an increase of 
the surface participation intercrystalline cracking. This was 
observed in the heat W3 containing 2,94% Mo, where both in the 
impact resistance and stress corrosion was dominated 
intercrystalline fracture, Fig. 17 and 21. In the samples after stress 
corrosion test strong penetration of the active corrosion medium 
along the grain boundaries was observed also, Fig. 18.  
 
 
4. Conclusions 
 
The observed phenomenon of precipitation processes of 
intermetallic phases in the HSLA steels with higher Mo content is 
disadvantage for the sake of mechanical properties and resistance 
to stress corrosion. Occurring at the grain boundaries of retained 
austenite intermetallic phase accelerates decohesion processes of 
material leading to intercrystalline fracture which requires 
considerably less energy input. So, it should be avoiding 
temperature range of heat treatment which result intermetallic 
phase Fe2Mo are precipitated.  
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